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The cells that are responsible for detecting magnetic fields in animals remain undiscovered. Previous studies have 
proposed that pigeons employ a magnetic sense system that consists of six bilateral patches of magnetite containing 
dendrites located in the rostral subepidermisof the upper beak. We have challenged this hypothesis arguing that clusters 
of iron-rich cells in this region are macrophages, not magnetosensitive neurons. Here we present additional data in 
support of this conclusion. We have undertaken high resolution anatomical mapping of iron-rich cells in the rostral upper 
beak of pigeons, excluding the possibility that a conserved six-loci magnetic sense system exists. In addition we have 
extended our immunohistochemical studies to a second cohort of pigeons, confirming that iron rich cells in the upper 
beak are positive for MHCII and CD44, which are expressed by macrophages. We argue that it is important to critically 
assess conclusions that have been made in the past, while keeping an open mind as the search for the magnetoreceptor 
continues. 



Introduction 

The cells and molecular mechanisms that underlie the detection 
of magnetic fields in animals remain an unsolved scientific mys- 
tery. Two complementary theories have arisen which attempt to 
explain the basis of this remarkable sensory phenomenon. The 
first, a light dependent mechanism argues that the spin state of 
free radicals is influenced by the local magnetic environment 
which affects the reactivity of photosensitive molecules, that in 
turn alters neuronal activity. The second hypothesis argues 
that magnetic information is transduced into neuronal impulses 
by employing a magnetite (Fe,0^) based magnetoreceptor. This 
theory, commonly referred to as the magnetite theory of magne- 
toreception, gained credence following the discovery of aquatic 
bacteria and multicellular prokaryotes that employ intracellular 
magnetite to guide their directional swimming.^ '' 

A series of papers published by Fleissner and colleagues inves- 
tigated the magnetite dependent hypothesis in pigeons.''** They 
undertook histological investigations employing the Prussian 
blue reaction that stains ferric (Fe'*) iron bright blue in color. 
They claim to have identified a magnetic sense system that 
resides in the upper beak of pigeons, that is a common sensory 
apparatus in avian species.^ It has been claimed that this system 
consists of six specific patches of magnetite containing dendrites 
that are located at bilateral locations in the rostral subepidermis 



of the pigeon beak.* They have argued that these patches are 
about 350 jJtm long and 200 |xm in diameter, vary only slightly 
in size and shape, always occur at specific sites near the lateral 
margin of the upper beak, are always in bilateral symmetry and 
are orientated in particular planes.' When stained with Prussian 
blue these "dendrites," which reside in the stratum laxum of the 
subepidermis, are characterized by light-blue background stain- 
ing and a set of 10-15 dark-blue spherules. It is the contention of 
Fleissner and colleagues that these dark-blue spherules are only 
found in terminals positive for neuronal markers. 

We have recently undertaken an extensive, detailed and labo- 
rious attempt to replicate the claims of Fleissner and colleagues. 
Following the creation of a 3D anatomical blue-print of the pigeon 
beak, we undertook serial sectioning and manual counting of 
PB positive cells from the rostral concha to the tip of the pigeon 
beak. We counted cells on every 12th section, which represents a 
sampling distance of 120 |JLm. We failed to identify the reported 
6 bilateral clusters that are claimed to constitute a magnetic sense 
system, and instead found an unexpected variation in the distri- 
bution and number of PB positive cells. We replicated this find- 
ing in a second population of unrelated birds, however it remains 
hypothetically possible that the patches of iron-rich cells are of 
smaller size in our cohorts and therefore escaped detection. Here 
we investigate this possibility by undertaking high-resolution 
anatomical mapping of the pigeon beak. In addition we provide 
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Figure 1. Examples of PB positive cells in the rostral subepidermis. (A-F) Light microscopy images of iron-rich cells in the rostral subepidermis of the 
pigeon upper beak stained with nuclear fast red and Prussian Blue. These cells are indistinguishable from those observed in caudal regions, contain- 
ing multiple dark blue spherules (0.25 to 5 |j.m in diameter) and/or light blue cytoplasmic staining. Note also the presence of a nucleus shown by the 
pink staining. Scale bar shows 10 (im. 



further evidence that clusters of iron-rich cells in the subepider- 
mal region of the pigeon beak are macrophages by undertaking 
additional immunohistochemical studies on a second cohort of 
pigeons employing sera against MHCII and CD44. 

Results 

To explore the possibility that our serial sectioning had failed to 
identify the six-loci magnetic sense system reported by Fleissner 
and colleagues we undertook histological fine mapping employ- 
ing the Prussian Blue reaction. In performing these experiments 
we drew on our anatomical blue-print for the pigeon beak, stain- 
ing all sections from landmark 3 to the tip of the beak.' We chose 
landmark 3 because Fleissner and colleagues have stated that the 
magnetic sense system lies rostral to the end of the pigeon cere. 
Landmark 3, which is defined by the anatomical position where 
the small lateral buds of the nasal cavity disappear, is caudal to 
this position.^ We performed PB staining on all sections rostral 
to landmark 3 on a total of six birds (four from our Nuremberg 
cohort and two from our Vienna Cohort) . PB positive cells were 
found in clusters in the stratum laxum of the subepidermis and 
were characterized by the presence of a nucleus, constellations 
of dark blue spherules (0.25 to 5 |xm in diameter) and/or light 
blue cytoplasmic staining (Fig. lA— F). These cells were indis- 
tinguishable from those in more caudal regions of the beak (i.e., 
from landmarks 1 to 3). Following counting of PB positive cells 
on all slides, we mapped their location onto a normalized pigeon 
beak (Fig. 2A-F). These results mirrored our previous estima- 
tion of PB positive cells when sampling every twelfth section.' 
We found a complete absence of PB cells in three birds (P200, 
P201, P204), and a varied distribution in three others (P202, 



A4 and A6). In those birds where PB positive cells were identi- 
fied their location was not bilateral, nor were they found in six 
distinct patches. These results confirm our previous observations 
that the distribution of PB positive cells in the upper beak of 
pigeons is not conserved. 

Our previous work on our Nuremberg cohort of pigeons 
has revealed that only a tiny fraction of PB positive cells in the 
subepidermal region co-localize with neuronal markers (e.g., 
TUBB3; 0.06%), whereas almost all PB positive cells co-localize 
with the antigen presenting marker MHCII (95%). We con- 
sidered the possibility that this result might be unique to our 
Nuremberg strain of pigeons. To address this issue we repeated 
our immunohistochemical investigations on a second population 
of pigeons (our Austrian cohort) employing triple staining, with 
PB, NFR and anti-sera for TUBB3 or MHCII. Consistent with 
our previous work, we found that only 0.23% of PB positive cells 
co-localize with TUBB3 (n = 4 birds, 992 cells) (Fig. 3A, D and 
G), and that 97.2% co-localize with MHCII (n = 7 birds, 253 
cells) (Fig. 3B, E and H). To provide further evidence that these 
cells are leukocyctes, we employed sera against CD44, which is 
a transmembrane glycoprotein expressed on T-cells, B-cells and 
macrophages.'" We found that 93.9% of PB positive cells co- 
localized with CD44 (n = 8 birds, 382 cells) (Fig. 3C, F and I). 

Discussion 

Here we present additional data supporting our conclusion that 
clusters of iron-rich cells in the subepidermal region of the pigeon 
beak are macrophages not magnetosensitive neurons. We have 
undertaken fine mapping of the rostral beak analyzing every sec- 
tion and find no evidence of a six-loci magnetic sense system. 
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Figure 2. High resolution mapping of PB positive cells in the rostral subepidermis. (A-F) The distribution of PB positive cells along the rostro-causal 
axis between landmark 3 and the tip of the beak are shown for six birds (P200, P201, P202, P204, A4, A6). Red bars indicate the number of PB positive 
cells in the subepidermis, on the left and right sides in 100 |j,m increments. Total PB positive cell counts for each bird are shown in the bottom right 
corner. We found no evidence to support the existence of a six-loci magnetic sense system. 



If anything our results overestimate the number of PB positive 
cells in the upper rostral beak as we employed particle counting 
in preference to the dissector method."''^ In addition we have 
replicated our immunohistochemical studies in a second cohort 
of pigeons confirming that the vast majority of PB positive cells 
in the subepidermis (> 97%) are of hemopoietic origin. We do 
not, however, observe 100% co-localization with MHCII. What 
might be the explanation for this? Might a small percentage of 
PB-positive cells in the subepidermal region actually be magneto- 
receptors? While conceivably possible, we think this is manifestly 
unlikely. The simplest, and most likely explanation for the small 
fraction of PB-positive MHCII negative cells, is that the antibody 
did not fully penetrate the tissue when performing the immunos- 
taining. This explanation is supported by our observation that 
those few PB-positive cells that were negative for MHCII were 
not isolated, but rather were surrounded by PB-positive cells 
positive for MHCII which were morphologically indistinguish- 
able. Similarly, those few cells that appear to be TUBB3 positive 
were again found within clusters of PB-positive cells that did not 



co-localize with the marker. The very small amount (0.23%) of 
TUBB3 co-localization we report is best explained by the nature 
of the Prussian Blue stain, which is sometimes diffuse. As a con- 
sequence, when a neuron is in close proximity to a macrophage, 
they are not readily distinguishable from one another, particu- 
larly if they are in the same vertical plane. 

Our conclusion that clusters of iron-rich cells in the sub- 
epidermal region of the pigeon beak are macrophages, and not 
magnetosensitive neurons, is a stark contrast to that reached by 
Fleissner and colleagues.'''^ Why have we come to such different 
conclusions, particularly given that both groups (when employ- 
ing the Prussian Blue reaction) report clusters of iron-rich cells 
with punctate dark blue spherules and a light blue cytoplasmic 
background in the subepidermis? First, we have undertaken a 
rigorous quantitative analysis of PB positive cells in the pigeon 
upper beak, taking great care to normalize the distribution to a 
uniform standard. We have performed this analysis in not one, 
but two, cohorts of racing pigeons. This has revealed large varia- 
tions in the distribution and number of PB positive cells when 
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Figure 3. Immunohistochemistry on Austrian Cohort. (A-C) Representative images of sections stained with PB and sera against (A) TUBB3, (B) IVIHCII 
or (C) CD44. Quantitative analysis revealed just 0.23% of PB-positive cells co-localize with TUBB3 (n = 4 birds, 992 cells). In contrast, 97.2% of PB positive 
cells co-localized with MHCII (n = 7 birds, 253 cells) and 93.9% with CD44 (n = 8 birds, 382 cells). (D-F) Positive controls for immunostaining. (D) Shows 
the ophthalmic branch of the trigeminal, a positive controls forTUBB3 staining. (E and F) Shows spleen sections, which served as positive controls for 
MHCII (E) and CD44 (F) staining. (G-l) Negative controls (the primary antibody was absent) forTUBB3, IVIHCII and CD44 experiments shows no back- 
ground staining. Scale bars for MHCII and CD44 staining shown in (H and I) indicate 10 ixm. Scale bar forTUBB3 staining shown in G indicates 50 jjim. 



comparing birds of the same age and sex. Our approach differs 
from Fleissner and colleagues who have not published any quan- 
titative data that supports their assertion of a six-loci magnetic 
sense system that is arranged in bilateral clusters with "dendrites" 
orientated in three planes (X, Y, Z) . 

Second, we have investigated whether PB positive cells are 
neurons by employing several different neuronal antibodies (neu- 
rofilament, MAPIB, TUBB3), analyzing thousands of cells (> 
2,500) in multiple birds.' Cell counting blind to the antibody 
employed revealed that only a fraction of cells co-localize with 
neuronal makers (less than 1%), whereas almost all cells co- 
localize with markers found on white blood cells (e.g., MHCII). 
Moreover, in this manuscript we have replicated these findings 
in a second cohort of pigeons. Our approach contrasts with 
Fleissner's and colleagues who relied on just one antibody, did 
not undertake a quantitative analysis, did not publish any con- 
trols, but nonetheless conclude that dark-blue spherules can only 
be found inside neurofilament-immunoreactive terminals (i.e., 
100% co-localization).'' Furthermore, it should be noted that 
they adopted the unorthodox practice of stacking ten optical 



planes to artificially amplify their antibody signal, raising the 
likely prospect that their assertions are based on false positives. 

Third, when performing their electron microscopy studies, 
Fleissner and colleagues adopted a practice that invites con- 
tamination. Following dissection, fixation and embedding, they 
prepared 5 jJtm semithin sections and then stained every second 
section with PB.* Those sections neighboring PB positive sec- 
tions were then re-embedded and then 120 nm ultrathin sections 
are prepared. This re-embedding process results in poor image 
quality and invites contamination — contamination that appears 
to be part of the sample because it is surrounded by the same 
epon matrix. To avoid these pitfalls, we adopted a form of cor- 
relative light and electron microscopy (CLEM), which relies on 
taking alternative semithin (2 |JLm) and ultrathin (70—120 nm) 
sections. Semithin sections are stained with PB, and then the 
neighboring ultrathin section examined with transmission elec- 
tron microscopy (TEM). This method, which does not involve 
re-embedding, is far more laborious than that adopted by the 
Fleissner group, but yields higher quality images limiting poten- 
tial artifacts. It is plausible that the unusual large iron structures 
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reported by the Fleissners (and re-published on muhiple occa- 
sions) are the resuk of environmental contamination.*^'''"" 

Independent behavioral and neuronanatomical studies sup- 
port the existence of a magnetoreceptor associated with the 
opthamlic branch of the trigeminal,'^''^ however, our work has 
revealed that the sensory cells associated with this nerve remain 
undiscovered. An observer is left wondering: Where might these 
cells reside? One possibility is that magnetosensitive cells lie in 
more caudal regions of the pigeon beak, such as the olfactory 
epithelium, which has been implicated in magnetoreception in 
the rainbow trout,"*'" or alternatively nearby the olfactory bulbs. 
Beason and Nichols have previously reported PB positive struc- 
tures in a thin layer of tissue nearby the olfactory bulbs in the 
Bobolink, Dolichonyx oryzivorus'^° and it has previously been 
shown by Finger and colleagues that in rodents, some trigemi- 
nal branches extend into the olfactory bulbs. ^' Wherever the cells 
reside, it is commonly assumed the trigeminal-based magnetore- 
ceptor is an intensity detector which is reliant on magnetite, ^^'^' 
however, to our knowledge there is no conclusive evidence to sup- 
port this contention. The assumption is problematic because it 
fails to consider the possibility of alternative mechanisms, such 
as a light-based magnetoreceptor in the beak.^*'^' Nature is lit- 
tered with examples of unexpected evolutionary adaptions which 
have confounded both prediction, and expectation. We think it 
is important to critically assess conclusions that have been made 
in the past while keeping an open mind as the search for the 
magnetoreceptor continues. 

Materials and Methods 

Prussian Blue staining and mapping. For Prussian Blue stain- 
ing, we employed the method previously described.' Specifically, 
we perfused pigeons with 4% PFA (pH 7.4), post-fixed for 18 
h, before dehydration and paraffin embedding. We employed 
ceramic-coated blades to produce 10 |xm sections that were 
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